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Single Phase Mn;04 Nanoparticles Obtained by Pulsed Laser Ablation in Liquid and Their
Application in Rapid Removal of Trace Pentachlorophenol
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We present a clean synthesis of well-crystallized pure Mn;O4 nanoparticles by pulsed laser ablation of an Mn
metal plate immersed in deionized water at room temperature. The particle size, phase structure, and magnetic
properties are characterized by X-ray diffraction, transmission electron microscopy, Fourier transform infrared
spectra, and superconducting quantum interference device. The colloids solution of Mn3;O4 nanocrystals with
narrow particles size distribution could be facile obtained in a single step without addition of any other chemical
reagents. As-synthesized pure manganese oxide nanoparticles show good performance in significant and rapid
removal of trace amounts of pentachlorophenol. Thoroughly distinct from the general chemical process for
growing manganese oxide nanoparticles, here the formation of manganese oxide nanocrystalline is based on
reactions between laser-generated manganese species and water molecules in a local high-temperature and

high-pressure plume—liquid interface region.

Introduction

Manganese oxides are important materials in many applica-
tions such as magnetic storage, catalysis, electrodes, ion
exchangers, and sensors.'”® Among the series of manganese
oxides, particularly, Mn;O, is known to be an effective and
inexpensive catalyst in various oxidation and reduction reactions;
e.g., it can be used as a catalyst for the cracking of n-butane,
isobutane, and propane’ or the selective reduction of nitroben-
zene to nitrosobenzene.® Moreover, Mn;O; is an efficient, stable,
and environmentally friendly catalytic material for the destruc-
tion of volatile organic compounds (VOCs)’ and for the
oxidation of hydrocarbon.!®© Mn3;0, has also been extended to
sensing materials, such as gas sensors for actone,'! a source of
ferrite materials and manganese zinc ferrite,'>!3 and finding
potential applications in electronics and information technolo-
gies. Nanoscale Mn;O4 with large specific surface area is
expected to exhibit better performance in these fields of
application.

Several synthetic methods have been developed to prepare
nanoscale Mn;Oy4, such as the sol—gel process,'* thermal
decomposition,' and coprecipitation.'® The sol—gel method has
been found to be polluting, time-consuming, and expensive. The
solvothermal method and sol—gel processes require posttreat-
ment at different temperatures (>100 °C), and the thermal
decomposition usually needs an atmosphere protection. In
addition, preparation of single-phase manganese oxide nano-
structures has always been a great challenge due to the
multivalent states of manganese ions. We here report a clean
and simple laser ablation approach to synthesize highly crystal-
line single-phase Mn;O,4 nanocrystals. This approach requires
neither sophisticated techniques nor any chemical reagent.
Pulsed laser ablation in liquid (PLAL) has been widely used to
prepare and modify the noble metal nanoparticles.!’~!? Interest-
ingly, using an active main group or transition metal targets,
pulsed laser induced reactive quenching in liquid medium, as a
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green (none pollution) method to prepare ultrafine nanoparticles,
has recently been proven effective and flexible.?*~2® Strong
reactions may take place between the ablated species and
encountered solution molecules such as water since the most
nascent ablation species of active metal targets are electronically
excited and hence highly reactive. Thus, ultrafine metal oxide
nanoparticles are expected to be obtained after rapid reactive
quenching. The synthesized product is derived from its atomic
constituents from the ablated solid and the participating liquid.
To date, there have been no attempts reported about the PLAL
method applied to the formation of manganese oxide nanopar-
ticles. As one of the persistent toxic substances, pentachlo-
rophenol (PCP) is carcinogenic and toxic to plants, animals,
and humans even at low concentrations.?’ Adsorption is increas-
ingly important to remove trace amounts of air and water
pollutants, which adsorb very strongly on the adsorbent’s
surfaces. However, the regeneration of the adsorbent is one of
the limitations of this process.*® Ultrasound has been proven to
be a very promising tool in overcoming the affinity between
adsorbate and adsorbent and accelerating the molecular transport
toward and from the adsorbent surface. Cavitation is responsible
for this activation.’! A series of compression and expansion
cycles created by acoustic waves induced gas bubbles in the
liquid to grow larger increasingly and eventually become
unstable and implode, producing high-speed (approximately 400
km/h) microjets of liquid, intense localized heating, and high-
pressure shock waves.3! Manganese oxides are important
material candidates for the removal of organic toxic pollutions
via surface adsorption and oxidative degradation. We report the
preliminary investigation of the removal of PCP using as-
prepared Mn;0O, nanopartciles with fresh and clean surfaces and
the effective desorption of PCP from Mn;0, nanopartciles by
ultrasonic treatment.

Experimental Details

Preparation of Mn;O, Nanocrystals. The manganese metal
plate with 99.8% purity was first fixed on a supporter in a vessel
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Figure 1. XRD pattern of (a) as-prepared Mn3;0O, nanocrystals and
(b) JCPDS Card No. 24-0734.

filled with 40 mL of deionized water. Then, the vessel was fixed
on an automatic turntable, which was continuously rotated to
avoid the damage by continuous ablation of laser pulses. The
metal plate was irradiated for 30 min by the Nd:YAG laser with
a pulse duration of 10 ns at 1064 nm wavelength and energy
density of 80 mJ/pulse and spot size of 1.5 mm in diameter.
After irradiation, the brown product was collected by centrifuga-
tion of suspension at 8000 rpm. The obtained powder products
(productivity of about 0.33 mg/min) were ultrasonically dis-
persed with ethanol and then kept under vacuum in a drybox.

Characterization of Mn;04 Nanocrystals. The X-ray dif-
fraction analysis of the collected products was performed
using a Philips X’Pert system with Cu Ka radiation (4 =
1.5419 A, scanning rate 1.0°min). The morphology and
structure examination were conducted on a transmission
electron microscope (TEM) (JEOL-2010) with 200 kV
accelerated voltages. The specimen was made by dispersing
the powder in ethanol to form a suspension and then dropping
on a carbon-coated Cu grid. A Fourier transform infrared
spectrum was taken on a NEXUS FTIR spectrometer.
Magnetization measurements were carried out using a su-
perconducting quantum interference device magnetometer
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(SQUID, Quantum Design MPMYS) in the temperature range
between 5 and 300 K. Acetic acid was used to adjust the pH
value of the solution. The Mn;O4 nanoparticle powder was
added to the solution in a sealed flask and placed on a shaker
at room temperature. The content of PCP remaining in the
solution was measured by an UV—vis spectrometer (Cary
5E UV —vis—NIR spectrophotometer) at 214 nm. The experi-
ment of PCP desorption was carried out in an ultrasonic
cleaner (JCX-400G, 20—100 kHz, adjustable output readings
of 160—400 W).

Results and Discussion

Structure and Morphology. The X-ray diffraction (XRD)
pattern of as-synthesized Mn;O, nanocrystals is shown in Figure
la. All diffraction peaks can be indexed to the tetragonal Mn;O,
structure (Figure 1b). The Mn;0, lattice constants (@ = 5.76
and ¢ = 9.47 A) obtained by refinement of the XRD data are
consistent with the JCPDS database (No. 24-0734). The peaks
of as-synthesized Mn3;0O,4 nanocrystals were broader due to the
smaller particle size. The calculation by the Debye—Sherrer
formula gives an average particle size of 8.2 nm.

The morphology of Mn;O4 nanocrystals was observed by
transmission electron microscopy (TEM). Low magnification
TEM image of the as-synthesized nanocrystals is shown in
Figure 2a. It can be seen that Mn;O, nanocrystals were partially
aggregated together. The size of aggregation was different from
15 to 30 nm. Figure 2b shows a typical HRTEM image of partly
aggregated Mn;O,4 nanocrystals. We can find that each aggrega-
tion was composed of several single crystals, which overlapped
each other. Measurement of about 100 nanocrystals from more
HRTEM images indicates that most nanocrystal sizes are from
7.1 to 9.2 nm (Figure 2c), which is concordant with the value
obtained from the XRD measurement. The nanocrystals exhib-
ited different crystal planes of tetragonal Mn;0,, such as (101),
(112), and (200). From the inset image of Figure 2b, we
observed that the marked lattice spacing coincided well with
the (112) and (200) d-spacing, 0.309 and 0.289 nm, respectively,
as reference to the JCPDS database (card No .27-0734) of
Mn;0,. Selected area electron diffraction (SAED) analysis
revealed that the nanocrystals were consistent with strong ring

(1]
~—
[}

Frequency (%)
[ [ [ %] (4] e
L .

-
L)
M

10+

6 T 8 9 10I
4 Particle size (nm)

Figure 2. (a) Low-magnification TEM image and corresponding SAED pattern of Mn3;O4 nanocrystals. (b) HRTEM lattice image of Mn3;0,

nanocrystals. (c) Plotted particle size distribution of Mn;O4 nanocrystals.
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SCHEME 1: Illustration of the Formation for Mn;0,
Nanocrystals by PLAL in Deionized Water

Mn + 2H,0— Mn(OH)2 + H,t
M + 4H,0—2MnOOH + 3H,

Ractive quenching |

patterns due to (101), (112), (103), (211), (220), (105), (224)
planes (inset of Figure 2a; see XRD pattern of Figure 1). A
single highly crystalline nanocrystal of Mn;O, should have
regular shape according to XRD and HRTEM (regular TEM
projection shape). Mn3;0y is known to have a spinel structure
with a tetragonal distortion elongated along the ¢ axis because
of the Jahn—Teller distortion at the Mn*' sites. The ionic
formula of Mn;O, can be written as Mn>"[Mn,*>"]O,. In addition,
octahedral nanocrystals can present thomb, square, and circle
shapes with projection along the crystalline axis of (110), (001),
and {111}, respectively.**** Tetragonal nanocrystals can also be
square and rectangle. Therefore, it is reasonable to observe
different shapes of as-synthesized Mn3;O, nanocrystals upon
HRTEM investigation (Figure 2b).

Formation Processes. Scheme 1 depicts the formation
process of Mn;O,4 nanocrystals. The PLAL generated manganese
plasma plume containing electrons, manganese atoms, and
diverse manganese ions will be formed at the solid—liquid
interface rapidly after one pulsed laser irradiated manganese
target.>> Subsequently, the plasma plume with high temperature
(about 6000 K) and high pressure (about 1 GPa) expanded
adiabatically at ultrasonic speed. Simultaneously, the plasma
plume vigorously reacted with water accompanied by rapid
cooling in the plume—liquid interface region. This process may
produce a large number of hydrogen radicals, hydroxyl groups,
hydrogens, and hydroxide ions.?>3¢ Finally, these ions and
radicals that combined with manganese ions and atoms can grow
into Mn;O4 under high temperature and high pressure. The
checked pH value of solution changed from 6.5 to 8.6 after
laser ablation, which may be attributed to the generation of
hydroxyl ions. The process and chemical reactions can be briefly
described as follows

Mn + 2H,0 — Mn(OH), + H,! (1)
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Figure 3. (a) FT-IR spectrum of Mn;O4 nanocrystals.
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Figure 4. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization
curves of Mn3;O4 nanocrystals under an applied field of 100 Oe. Inset
shows magnetization curves at 300 K.

2Mn + 4H,0 — 2MnOOH + 3H,! 2)
Mn(OH), + 2MnOOH — Mn,0, + 2H,0  (3)

FT-IR Analysis. The powders of Mn;O, nanocrystals were
analyzed by FT-IR spectroscopy. The spectrum (Figure 3) shows
the characteristic absorption bands at 631, 523, and 413 cm™!,
which are assigned as the coupling modes between the Mn—O
stretching modes of tetrahedral and octahedral sites, and the
band at 1070 cm ™' can be attributed to ¥(Mn—O—H) vibration.”

Magnetic Properties. Magnetic properties of the Mn;0O4
nanocrystals were studied by using a superconducting quantum
interference device (SQUID), shown in Figure 4. Bulk Mn;0,
(hausmannite) is ferromagnetic with a Curie temperature about
42 K. The as-synthesized Mn;O4 nanocrystals also show
ferromagnetic property at low temperatures, whereas they are
paramagnetic at room temperature (inset of Figure 4). Under
zero-field-cooled (ZFC) measurements at 100 Oe, the blocking
temperature 7y was 36 K. Under FC measurements with 100
Oe magnetic fields applied, the observed transition temperature
was about 44 K. These results are well consistent with those
reported by Park and co-workers for 6 nm Mn;0, nanopar-
ticles.*

Rapid Removal of PCP. Figure 5a shows that the absorption
peaks of PCP at 214, 230, and 300 nm (pH = 3.0) rapidly
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Figure 5. (a) UV—vis absorption spectra depicting the removal of PCP at pH = 3.0. (The dash line represents absorption spectra of ultrasonic
desorption after 40 min contact.) (b) Time-dependent concentration change of PCP (starting concentration: 20 mg L', 80 mL) in the presence of

Mn;0, nanoparticle powders (20 mg).

SCHEME 2: Schematic Illustration of pH-Dependent Absorption of PCP by Mn;04 Nanoparticles

E 3

pH>475

IMnao nanopartlcles

»

IMn,0O, nanoparticles

—>_
Elactrostatlc repulsion )

ol OH
_ pH < IEP(Mn,0,) » " "y Absorbed C! c
—_ : . A, <G
Mn Mn* cl C
. AL, <
My My Cl

Active sites

+ +

In?*

decrease in intensity with the contact time and almost disappear
after 40 min. When the pH value of the solution was ap-
proximately 3.3—5.2, the removal rate of PCP became very low
(Figure 5b, pH = 4.5). Figure 5b (pH = 3.0) shows the related
plot between the contact time and the concentration of the
residual PCP. When the contact time reaches 10 min, about 75%
PCP can be removed and the color of Mn;0, solution changed
from brown to black caused by the formation of precursor
complex (inset of Figure 5a). When the contact time is sustained
for 40 min, almost 98.5% of the PCP can be removed. It is
thought that the surface charging states of nanoparticles play
critical roles in the removal of PCP. When the pH value of
solution was larger than the isoelectric points (IEPs) of Mn;Oy,
the surfaces of Mn;0, nanoparticles were negatively charged,
otherwise the surfaces were positively charged. When the pH
value of solution exceeded 4.75 (pK, = 4.75,% mostly existing
in an ionized form due to deprotonation), the surfaces of most
PCP molecules were negatively charged, whereas the surfaces
of Mn;0,4 nanoparticles were also negatively charged. In this
situation, there is no absorption occurrence on the surface of
Mn;0,4 nanoparticles (upper part of Scheme 2). When the pH
value of solution is lower than the IEPs, the Mn;O,4 nanoparticles
with positively charged surfaces can rapidly adsorb PCP
molecules due to easily formation of more active sites on the
fresh and clean surfaces of Mn;O,4 nanoparticles (lower part of
Scheme 2). The desorption performance of PCP was also
investigated. When the colloidal sample with PCP completely
absorbed was ultrasonically treated for 5 min, approximately
50% of the PCP can be desorbed as determined from the
UV —vis absorption spectrum (dash line in Figure 5a). It is

known that the precursor complexes can be first formed when
the organic compounds are absorbed at the active sites, which
would then be decomposed into Mn?" and radicals. These
radicals could be further oxidized or coupled,*®*! which will
lead to the red shift of absorption spectra of PCP desorbed from
Mn;0,4 nanoparticles as reflected in Figure 5a. Our preliminary
experiments demonstrated that the as-prepared pure Mn;O,
nanoparticles can effectively and expediently remove trace levels
of PCP from aqueous solution. The underlying physicochemical
mechanisms for PCP removal are desirable for further study
using as-synthesized pure Mn;O4 nanoparticles with clean and
fresh surfaces.

Conclusions

In summary, we demonstrated a new methodology for
preparing ultrafine Mn;O,4 nanocrystals by laser ablation of an
Mn target in deionized water without addition of other chemical
reagents. The particles are tetragonal Mn;O,4 phase and show a
size in the range of 7.1—9.2 nm. A plausible formation process
for manganese oxide nanoparticles is proposed based on the
rapid reactive quenching between laser-generated manganese
species and water molecules. The tetragonal Mn;O,4 exhibits well
ferromagnetic and paramagnetic performance at low and room
temperature, respectively. Interestingly, the as-prepared Mn;O,
nanoparticles display good performance in trace and rapid
removal of PCP in aqueous solution.
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